Accurate recognition of splice sites is essential for pre-messenger RNA splicing. Mammalian 5 splice sites are mainly recognized by canonical basepairing to the 5 end of U1 small nuclear RNA, yet we described multiple noncanonical base-pairing registers by shifting base-pair positions or allowing one-nucleotide bulges. By systematic mutational and suppressor U1 analyses, we prove three registers involving asymmetric loops and show that twonucleotide bulges but not longer can form in this context. Importantly, we established that a noncanonical uridine-pseudouridine interaction in the 5 splice site/U1 helix contributes to the recognition of certain 5 splice sites. Thermal melting experiments support the formation of noncanonical registers and uridine-pseudouridine interactions. Overall, we experimentally validated or discarded the majority of predicted noncanonical registers, to derive a list of 5 splice sites using such alternative mechanisms that is much different from the original. This study allows not only the mechanistic understanding of the recognition of a wide diversity of mammalian 5 splice sites, but also the future development of better splice-site scoring methods that reliably predict the effects of disease-causing mutations at these sequences.
INTRODUCTION
Splicing initiates by the recognition of the three essential cisacting splicing elements, which are the 5 and 3 splice sites (5 ss and 3 ss) at either end of introns as well as the branch point sequence (BPS). In major or U2-type introns, which usually have GT-AG boundaries and comprise over 99% of all mammalian introns (1), these elements are respectively recognized by binding of U1 small nuclear ribonucleoprotein (snRNP), U2-auxiliary factor (U2AF) heterodimer and U2 snRNP. These factors induce the assembly of the macromolecular and highly dynamic complex that catalyzes splicing known as the major spliceosome (2) . A parallel spliceosome with mostly different snRNPs excises the minor or U12-type introns, which are ∼0.36% of the total (3). In addition, exonic or intronic splicing enhancer or silencer sequences on the pre-mRNA activate or repress splicing respectively by recruiting RNA binding proteins (4) . Splicing is a crucial process in mammals, as virtually all mRNAs are regulated by alternative splicing (5,6), 10-50% of all human disease-causing mutations do so by affecting splicing, and ∼10% of all deleterious mutations map to splice sites (7, 8) . The algorithmic prediction of the effects of mutations on splicing is still largely unreliable, partially because these tools do not include all the mechanistic variations involved in splice-site selection (9, 10) .
A critical step in splicing is the recognition of U2-type 5 ss via base-pairing to the 5 end of the U1 small nuclear RNA (snRNA), which is the noncoding RNA moiety that composes the U1 snRNP along with 10 polypeptides (11) (12) (13) . The 5 ss motif includes the last 3 exonic and first 8 intronic nucleotides, which can establish up to 11 base pairs with U1 snRNA for the consensus 5 ss in the most common, canonical register (14) (Figure 1A ). Despite their lack of conservation, the seventh and eighth nucleotides in the intron (positions +7 and +8) can contribute to 5 ss selection in mammals but perhaps not in budding yeast (15) (16) (17) . Natural 5 ss are remarkably diverse, as >9000 distinct sequences function as bona fide 5 ss in the human transcriptome. Indeed, it is not understood how a single trans-acting factor as U1 snRNP manages to recognize such a wide diversity of sequences, and the observation that several mismatches are allowed in 5 ss/U1 helices only explains in part this conundrum. Importantly, we showed that the 5 ss/U1 interaction allows for multiple noncanonical base-pairing registers in which the position of the 5 ss nucleotides that base-pair to the same U1 nucleotide is different. These schemes include the shifted register in which all base pairs of the 5 ss/U1 Figure 1 . Noncanonical base-pairing registers between 5 ss and U1 snRNA. (A-I) Boxes represent exons. 5 ss consensus and nonconsensus nucleotides are shown in red and black, respectively. 5 ss positions are numbered according to convention, with −3 to −1 at the end of the exon, and +1 to +8 at the beginning of the intron. U1 snRNA is schematically depicted above and below the 5 ss, with its 5 end spanning A1 to G11. In each case the canonical base-pairing scheme is shown below for comparison with the noncanonical register. , pseudouridine; Dot, 2,2,7-trimethylguanosine cap at the 5 end of U1. Vertical lines between nucleotides represent base pairs. (A) Mammalian consensus 5 ss using canonical base-pairing. (B) 5 ss that uses the shifted register (10) . (C) 5 ss that uses a register with a bulge at position +3 (or +2) (16) helix are 'shifted' by one position (10) (Figure 1B) , and registers involving bulged nucleotides at either the 5 ss or the U1 strand (14, 16) (Figure 1C) .
Later in the reaction, U1 must be replaced by U6 snRNA, which forms a few base pairs to the 5 ss and directly catalyzes the two trans-esterification reactions (18) (19) (20) (21) . There are a few examples in which U1 base-pairs at some distance from the actual 5 ss, with the cleavage site being subsequently determined by the site of U6 base-pairing (22) (23) (24) . There is also a report of a natural human U2-type intron that is U1 snRNA-independent (25) . Because U1 is dispensable for catalysis and likely only marks the 5 ss for subsequent U6 binding, the 5 ss/U1 helix is indeed highly flexible, allowing for a diversity of base-pairing registers.
Here, we refine our knowledge on the contribution of noncanonical 5 ss/U1 registers to splicing. We demonstrate the usage of three new registers involving asymmetric internal loops at different nucleotide positions ( Figure 1D-F) , and show that bulges of 2 nucleotides but not longer (Figure 1G-I ) can contribute to 5 ss selection, but so far only appear to do so in artificial substrates. Importantly, we also found a pattern that restricts the formation of noncanonical base-pairing helices, but that in turn results in the formation of a noncanonical base pair between a uridine at the 5 ss and a pseudouridine in U1 (U-base pair) earlier reported for budding yeast 5 ss (26) . Pseudouridines ( ) are C5-glycoside isomers of uridines, and this modification confers additional stability to RNA helices (27, 28) . We found that one of the U1 pseudouridines establishes such a noncanonical interaction that contributes to mammalian splicing. This work should enhance our understanding of noncanonical mechanisms of 5 ss selection in human cells.
MATERIALS AND METHODS

Universal minigene vector (UMV) construction and minigene cloning
We designed a 'Universal Minigene Vector' (UMV) to facilitate the cloning and testing of many 5 ss in their native exonic context. The original plasmid included an acylCoenzyme A dehydrogenase, C-4 to C-12 straight chain (ACADM) minigene cloned into pcDNA+3.1 plasmid using the HindIII and XhoI sites. This minigene consists of exons 8 to 10 of the ACADM gene with internally-deleted intervening introns, each retaining 250 nt of their native 5 and 3 ends. We performed PCR mutagenesis on the minigene to remove the middle exon plus 250 nt of flanking intronic sequences, and to introduce KpnI and EcoRI restriction sites in the primers (all oligonucleotide sequences available upon request). We digested the plasmid with KpnI and EcoRI (New England Biolabs, USA), gel purified and then ligated it to two 5 -phosphorylated oligonucleotides with compatible overhangs to introduce the multiple cloning site (MCS). We confirmed this and all constructs by sequencing (1st BASE, Singapore).
We used a previous list of naturally-occurring human 5 ss predicted to use noncanonical registers (16) by the UNAFold hybrid tool (29) , which is built from experimental thermodynamic parameters (30) . We amplified by high fidelity PCR the selected DNA fragments consisting of test exons together with 300 nt of flanking intronic sequences. We used human genomic DNA (Promega, USA) as template, PrimeSTAR R Max DNA Polymerase Premix (Takara Bio, Japan), and primers bearing restriction sites on their 5 ends. We purified the products with Qiaquick R PCR Purification Kit (Qiagen, Germany) and digested them along with UMV plasmids with the respective pair of restriction enzymes (New England Biolabs, USA). We gelextracted the resultant DNA fragments with the Qiaquick Gel Extraction Kit (Qiagen, Germany), and ligated them to vector at 8:1 ratio with T4 DNA Ligase (New England Biolabs, USA) to obtain the UMV splicing minigenes.
Testing 5 ss in SMN1/2 heterologous context
The SMN1/2 minigenes were used extensively in previous work (10, 16, 31) . The SMN1/2 minigenes consist of exons 6 to 8 as well as a truncated intron 6 and a full-length intron 7 of the SMN1/2 genes cloned into the pCI vector. SMN1 exhibits nearly complete exon 7 inclusion, but this exon is predominantly skipped in SMN2 by virtue of a Cto-T transition at the sixth nucleotide in SMN2 exon 7 that affects splicing element/s (32) . Therefore, by replacing the native 5 ss of exon 7 in the SMN1/2 minigenes with test 5 ss sequences via PCR mutagenesis, we examined the efficiency of the test 5 ss in these two heterologous contexts.
PCR mutagenesis
We performed PCR mutagenesis using HiFi PCR (Kapa Biosystems, USA) kits to incorporate the test 5 ss or introduce point mutations into the minigenes. For each 5 ss we used a common reverse primer whose 3 end is complementary to a specific forward primer bearing the mutation.
We removed the template DNA in the PCR products with DpnI (New England Biolabs) before bacterial transformation. We made minipreps with E.Z.N.A. R Plasmid Mini Kit (Omega Bio-tek, USA) and midipreps with PureLink R HiPure Plasmid Midiprep Kit (Invitrogen, USA).
Cell culture and transfection
We cultured HEK293T cells in Hyclone Dulbecco s Modified Eagle s medium (DMEM) (Thermo Scientific, USA) with 10% (v/v) fetal bovine serum (FBS) and antibiotics (100 U ml −1 penicillin and 100 mg ml −1 streptomycin). We transfected ∼50% confluent HEK293T cells in 12-well plates with 1 g of DNA per well using 3 l of XtremeGENE 9 DNA Transfection Reagent (Roche, Switzerland) diluted in 100 l of Hyclone Opti-MEM (Thermo Scientific, USA). We mixed test constructs (UMV or SMN1/2 minigenes) with control plasmids at 1:11 ratio. For suppressor experiments we mixed test constructs with suppressor U1 and control plasmids at 1:10:1.
RNA extraction, reverse transcription and PCR
We harvested cells 48 h after transfection and extracted total RNA with PureLink R RNA Mini Kit (Life Technologies, USA). We eliminated residual DNA by RQ1 RNase-Free DNaseI (Promega, USA). We reverse transcribed 1 g of RNA with Moloney Murine Leukemia Virus Reverse Transcriptase (New England Biolabs, USA) and oligo-dT (18T).
We amplified cDNAs derived from expression of UMV (with pcDNA3.1+ backbone) or SMN1/2 (with pCI) constructs via semi-quantitative PCR, using primer pairs pcDNA.F-R, or pCI.FwB-Rv, respectively (10) . These primers anneal to the transcribed portion of the plasmids upstream of the 5 exon and downstream of the 3 exon. We 5 -end-radio-labeled 10 pmol of the forward primer using T4 PolyNucleotide Kinase (New England Biolabs, USA) and ␥ -32 P-ATP (Perkin-Elmer, USA) at a final concentration of 90 Ci/l. We purified the labeled primer using MicroSpin G-25 columns (GE Healthcare, USA). We performed 23 cycles of semi-quantitative PCR with GoTaq DNA polymerase in Colourless GoTaq reaction buffer (Promega, USA). The annealing temperature was 58
• C for pCI-FwB and pCI-Rv, and 54
• C for pcDNA F and pcDNA R. With 23 cycles the PCR amplification remains within the exponential phase, ensuring that amplimer abundances correspond to those of their templates. We identified PCR products by agarose gel-extraction followed by sequencing (1st BASE, Singapore) with one of the PCR primers.
We separated the PCR products by 6% native PAGE at 10 V/cm for 6 h in TBE. The gels were subsequently vacuum-dried with a Model 583 gel-dryer (Bio-Rad, USA). We scanned the exposed phosphorimaging screens with Typhoon Trio, and quantified bands with ImageQuant TL software (all GE Healthcare Life Sciences, USA). Exon inclusion percentages from three experimental replicas (RTPCRs of total RNA acquired from three independent transfections) allowed us to derive means and standard deviations (SD). SDs at or below 5% indicate that the exoninclusion percentages are highly reproducible between experiments. We deemed values as different if the inclusion Nucleic Acids Research, 2016, Vol. 44, No. 8 3911 percentages between two experiments are distinct enough so that the means and standard deviations do not overlap. We generated the Figures by exposing Medical X-ray Film General Purpose Green (Kodak, USA) to the radioactive gels at −80
• C and developing them with a Kodak Model 2000 X-Ray Film Processor.
Thermal melting experiments
The RNA oligonucleotides were synthesized and underwent RNase-free HPLC purification at IDT (Integrated DNA Technologies). We mixed equimolar amounts of the 5 ss and U1 oligonucleotides to a final total concentration of 8 M, in a buffer containing 1 M NaCl, 20 mM HEPES, and 0.1 mM EDTA at a pH of 7.3. We measured the absorbance of each sample at 260 nm as a function of temperature using a Shimadzu UV-2550 UV-Vis Spectrophotometer. For each measurement, we cooled the samples from 85
• C to 20
• C, and then reheated them back to 85
• C, at a rate of ±0.5
• C/min. We performed at least three such measurements for each mixture. We derived the melting point temperature (T m ) and the free-energy ( G exp ) of the duplexes based on a 2-state model via the Meltwin 3.5 software (33) . Finally, we also derived melting curves for each oligonucleotide in isolation to ascertain that the derived T m for each pair was not caused by self-dimers or intramolecular base-pairing.
RESULTS
This section contains three sets of data: (i) asymmetric internal-loop registers between 5 ss and U1, (ii) registers with bulges longer than one nucleotide and (iii) the contribution of a noncanonical U-interaction to 5 ss selection in human cells.
Asymmetric-loop registers in 5 ss/U1 helices
In addition to the one-nucleotide bulge registers that were already validated ( Figure 1C ), our previous data set included predictions of asymmetric-loop registers ( Figure  1D -F) (16) . Asymmetric loops have an uneven number of unpaired nucleotides on both sides of the helix which are flanked by base pairs, and the difference in number of unpaired nucleotides is used as the loop number (which is 1). By mutational analyses and suppressor U1 experiments, we demonstrate three asymmetric-loop 1 registers (10,16).
Asymmetric loop 1 (+3/+4
). In this register, nucleotides at 5 ss positions +3 and +4 as well as 6 in U1 form a loop in the helix ( Figure 1D ). Using UNAFold (29), a total of 349 human 5 ss sequences were predicted to base-pair to U1 more stably via this noncanonical register.
We tested this new register in three naturally-occurring 5 ss: ATP-Binding Cassette Sub-Family C Member 12 (ABCC12) exon 17, Solute Carrier Family 5 Member 8 (SLC5A8) exon 7 and Poly-ADP-Ribose Polymerase Family Member 14 (PARP14) exon 9 (Figure 2A and B; Supplementary Figures S1A and S2). We constructed UMV hybrid minigenes with the corresponding exons containing the test 5 ss and flanking intronic sequences (see Materials and Methods). We analyzed the splicing patterns of the minigenes by radioactive RT-PCR upon HEK293T cell transfection, so that exon inclusion reflects recognition of the test 5 ss (10, 16) . We derived mean percentage of inclusion and standard deviation from three experimental replicates per mutant (three independent transfections).
Both ABCC12 and SLC5A8 wild-type minigenes exhibited predominant test exon inclusion ( Figure 2A and B, lanes 1). As expected, the −2C point mutations, which break one base pair in both registers, almost completely abolished correct exon inclusion, resulting in exon skipping and cryptic 5 ss activation ( Figure 2A and B, lanes 2). The +6C and +7C, which affected only the noncanonical register, also caused strong or complete loss of exon inclusion ( Figure 2A and B, lanes 3 and 6), suggesting that these 5 ss are recognized via the asymmetric loop. Mutations or deletions that eliminate looped nucleotides were not tested as these would introduce the canonical or other new registers.
We next performed suppressor U1 snRNA experiments to further test the noncanonical register hypothesis (10) (11) (12) (13) 16) . For +6C mutants, exon inclusion was rescued by the suppressor U1 that restores a base pair in the asymmetric loop, which is U1 with the G4 mutation ( Figure 2A and B, lanes 5; diagrams in Supplementary Figure S2A and S2C). The suppressor G3, rescuing a base pair in the canonical register for this mutant, did not restore correct splicing at all (Figure 2A and B, lanes 4). Similarly for +7C, exon inclusion was rescued by the asymmetric-loop suppressor G3, while the canonical suppressor G2 was not so effective ( Figure 2A and B, lanes 7 and 8). Overall, the suppressor U1 acting via the canonical register did not restore the correct splicing patterns, or performed much less effectively versus their asymmetric-loop counterparts. We considered as rescue any suppressor-U1 driven increase in percentage of inclusion which is separate enough such that the corresponding exon inclusion means with standard deviations did not overlap. PARP14 minigene analysis also supports 5 ss recognition via asymmetric loop (Supplementary Figure S1A and S2B).
To test the general applicability of this noncanonical register, the 5 ss was analyzed in a heterologous context, the Survival of Motor Neuron 1 and 2 minigenes (SMN1/2, (10,16)). SMN1 and SMN2 are paralogous genes in which a single-nucleotide divergence in the sixth nucleotide of exon 7 results in full inclusion in SMN1 and predominant skipping in SMN2 (34) . We replaced the natural exon 7 5 ss in minigenes with a representative sequence for the asymmetric loop ( Figure 2C , left diagram). SMN2 transcripts with the test 5 ss displayed complete exon skipping while SMN1 retained some inclusion ( Figure 2C , lanes 1 and 2). Henceforth, we used only the SMN1 minigene for mutational analysis. As above, −2C resulted in complete exon skipping, and all intronic mutations, only affecting the asymmetric loop, caused complete exon skipping ( Figure 2C , lanes 3, 4, 7, 10 and 13). The +7C and +8C (but not +6C) mutations were rescued by the asymmetric loop and not the canonical suppressors, albeit to a lesser extent than in the other minigenes ( Figure 2C, lanes 4-12) . Finally, +9C was strongly rescued by the only possible suppressor G1, which acts via the noncanonical register ( Figure 2C, lanes 13-14) . All this ev- idence demonstrates that the test 5 ss are recognized via the asymmetric-loop register.
Other asymmetric-loop registers. Asymmetric loop 1 (+4/+5) involves a loop with the indicated 5 ss positions and U1 5 ( Figure 1E ), and could account for recognition of 654 human 5 ss. The Ring Finger Protein 170 (RNF170) exon 3 minigene in UMV produced transcripts with 77% test exon inclusion, which was reduced by the +6C through +8C mutations affecting only the noncanonical register ( Figure 3A, lanes 1-3, 6 and 9 ). Suppressor U1 snRNAs in the asymmetric loop but not in the canonical register strongly rescued inclusion in +7C and +8C ( Figure 3A The corresponding test 5 ss inserted in the SMN1/2 minigenes resulted in full exon 7 inclusion. While −2C slightly reduced inclusion in both minigenes, +6C through +8C only did so in SMN2 ( Figure 3B, lanes 1-4, and 8) . In both minigenes, the double mutants −2C+7C and −2C+8C showed a significant loss in exon inclusion that was much larger than that of the single mutants combined ( Figure 3B , lanes 5 and 9). The noncanonical suppressor U1s strongly rescued inclusion in these mutants while the canonical suppressors did not ( Figure 3B , lanes 5-7 and 9-11). All this evidence demonstrates that this test 5 ss are recognized via the asymmetric loop 1 (+4/+5).
In the asymmetric loop 1 , the longer side of the loop involves the two U1 s ( Figure 1F ), and accounts for 115 pre- dicted human 5 ss. The Phosphoinositide-3-kinase regulatory subunit 4 (PIK3R4) exon 5 minigene in UMV produced transcripts with almost complete test exon inclusion, which was fully abrogated by the −2C mutation, and partially with +4C and +5C ( Figure 3C, lanes 1-3 and 6) . Inclusion in the latter two mutants was more efficiently rescued by asymmetric loop than by canonical suppressors ( Figure 3C , lanes 3-8; diagrams in Supplementary Figure S4A) . Analysis of UMV minigenes containing DNA-directed Polymerase theta (POLQ) exon 20 and 5 -Nucleotidase Domain Containing 3 (NT5DC3) exon 12, as well as SMN1/2 minigenes gave consistent results ( Figure 3D and Supplementary Figure S1D and S1E; diagrams in Supplementary Figure S4B and S4C) . We conclude that the test 5 ss are recognized via the predicted noncanonical register.
Registers with bulges longer than 1 nucleotide
Our previous study predicted that ∼3000 5 ss base-pair to U1 by forming longer bulges on the 5 ss strand, ranging from 2 to 8 nucleotides (16) . About half of these correspond to bulges of 2 or 3 nucleotides ('bulge 2' or 'bulge 3' regis-ters) (Figure 1G-I) . Test 5 ss for the bulge 2 (at +3 and +4) ( Figure 1G ) and bulge 3 ( Figure 1I ) registers in SMN1/2 were extremely inefficient ( Figure 4A, lanes 2-3) , with only traces of middle exon inclusion for bulge 2 in SMN1. By mutational inactivation of a known Intronic Splicing Silencer (ISS) in intron 7 (35), exon inclusion was increased in SMN1 bulge 2 ( Figure 4A, -ISS, lanes 4-5) but remained undetectable in the other three minigenes. Therefore, we did not further pursue bulges longer than 2 nucleotides.
We performed mutational analysis and suppressor U1 experiments in the SMN1 bulge 2 -ISS minigene. The point mutations only breaking a base pair in the bulge register resulted in complete exon 7 skipping ( Figure 4B, lanes 3, 6  and 15 ). The bulge but not the canonical suppressors rescued exon 7 inclusion for the +5C and +8C mutants, albeit weakly, and no suppressor rescued +6C or +7C ( Figure 4B,  lanes 3-14) . +9C was strongly rescued by the only possible suppressor in bulge 2 ( Figure 4B, lanes 1,15,16) . The rescue by bulge suppressors demonstrate that the bulge 2 register is used in this artificial context. We similarly verified the register with a 2-nucleotide bulge at positions +4 and +5 in SMN2 ( Figures 1H and 4C ).
For bulge 2, all 5 ss tested so far in their natural exonic context showed use of the canonical register instead (Table  1 , Supplementary Figure S5 and S6). Most of these 5 ss sequences deviate from the tested 5 ss, and several have a G at position +5 (see next section). We conclude that registers with bulges of 2 nucleotides can contribute to 5 ss selection but they do not appear to do so in natural 5 ss.
A noncanonical +4U-5 interaction is critical for the recognition of certain 5 ss
While testing new registers, a subset of candidate 5 ss unexpectedly displayed canonical base-pairing, despite a strong energetic advantage predicted for the noncanonical registers (Table 1 ). All these 5 ss had a common feature, which was a G at position +5 flanked by nonconsensus nucleotides. UNAfold predicted that this +5G would not base-pair to C4 in U1 snRNA. Consistently, RNAstructure (36, 37) predicts that the base-pairing profile with +5G-C4 usually confers a lesser stability than the noncanonical register. The thermodynamic instability of this base pair might be due to the lack of hydrogen bonding in the flanking mispairs being unable to overcome the electrostatic repulsion of the phosphates on the 5 ss and U1 strands (38) .
Our data demonstrates that this base pair forms in 5 ss/U1 helices. The 5 ss in exon 9 of Dynein Axonemal Intermediate Chain 1 (DNAI1), which was predicted to use an asymmetric-loop register ( Figure 5A ), resulted in 91% exon inclusion in UMV ( Figure 5B, lane 1) . Interestingly, the +5C mutation, which only disrupts a weak G-base pair in the asymmetric loop had a much stronger effect than +6C, which breaks a strong G-C base pair in this register ( Figure 5B, lanes 4 and 6) . The double mutant −2C+6C did not further disrupt exon inclusion when compared to −2C alone ( Figure 5B, lanes 2 and 7) , strongly suggesting that the contribution of +6 is negligible. The suppressor G4 rescued exon inclusion in the +5C mutant ( Figure 5C, lane 11) , demonstrating that +5G base-pairs to C4 in U1 in the absence of flanking Watson-Crick base pairs. These data indicate that the DNAI1 exon 9 5 ss base-pairs to U1 in the canonical register, thus contradicting the thermodynamic predictions.
Next, we hypothesized that a +4U− 5 interaction stabilizes the adjacent +5G−C4, which otherwise might be too weak to form. This U-interaction could correspond to a base pair with two hydrogen bonds (39) and/or base-stacking that stabilize the adjacent base pair. Noncanonical base pairs are those that are not Watson-Crick or classical wobble (G-U or Inosine based). The noncanonical +4U− 5 was reported in budding yeast 5'ss, whose consensus sequence has a U at +4 (26) .
As first indirect evidence of the +4U− 5 interaction, the +4C mutation in DNAI1 reduced exon inclusion much more than +6C ( Figure 5B, lanes 3 and 6) , strongly suggesting that position +4 is involved in the recognition of this 5 ss.
Suppressor U1 snRNA experiments further supported the formation of +4U− 5. Typically, suppressor U1 experiments are used to confirm Watson-Crick base pairs, as these are disrupted and restored by compensatory mutations on the other strand. In this case, suppression of the Watson-Crick base pair at +5 was tested in the presence or absence (C mutations) of the adjacent +4U or 5, individually or combined. The DNAI1 +5C was partially rescued by G4, but neither by the unrelated control suppressor G3, nor by the G4C5 which lacks the adjacent pseudouridine ( Figure 5C , lanes 9-13; diagrams in Supplementary Figure  S7A) . The double mutant +4C+5C, which lacks the U at +4, was rescued to a lesser extent by suppressor G4 but neither by G3 nor by G4C5 ( Figure 5C, lanes 14-18) . These results indicate that, for suppression of the +5C mutation in this minigene, the adjacent 5 is essential, and the U at +4 is important, thus supporting the contribution of the noncanonical +4U− 5 interaction.
We further tested this interaction in the Coiled-Coil Domain Containing 132 gene (CCDC132) exon 15 minigene in UMV. In this minigene, the control suppressor C5 activated a spurious cryptic 5 ss 4 nucleotides upstream of the natural 5 ss (Supplementary Figure S8A-C) . Thus, we inactivated this confounding 5 ss by mutating the −4G to A (Figure 5D ). Mutational analysis of the CCDC132 5 ss showed consistent results with those of DNAI1, except that +6C had no effect, and +4C had smaller yet clear reduction in inclusion ( Figure 5E ). Importantly, +5C almost completely disrupted inclusion, which was rescued by suppressor G4 but neither with the control nor with the suppressor lacking 5 ( Figure 5F , lanes 8-13; diagrams in Supplementary Figure S9 ). Here the suppressor G4 (but not G4C5) better rescued the +5C mutation when accompanied with a C at +4 ( Figure 5F, lanes 14-18) , suggesting that a C4− 5 forms in some instances (see Discussion). Analogous data with the ATG2B exon 3 minigene (Supplementary Figure S7B and S8D-F) also supported the contribution of noncanonical +4U− 5 interactions in 5 ss/U1 helices. Lastly, U1 decoy experiments (10, 16) demonstrated that the test 5 ss are recognized by U1 snRNA in cells (Supplementary Figure S10) . 
G, mean energetic advantage of the noncanonical over the canonical register in 1 M NaCl at 37 • C. b +5G highlighted in bold, and +4U is underlined. c Base-pairing in both noncanonical and canonical registers is shown in Figure 5A . 
Thermal melting experiments support noncanonical registers and U-interactions
We carried out oligonucleotide thermal melting experiments to provide further evidence for the noncanonical mechanisms of 5 ss selection. These thermodynamic measurements reflect the intrinsic potential of 5 ss sequences to adopt distinct base-pairing conformations with U1 in the absence of proteins like the U1C polypeptide, a component of the U1 snRNP (40, 41) . As before (16), we designed two types of RNA oligonucleotides (Table 2) : two 11-nt oligonucleotides mimicking the 5 end of U1, with or without pseudouridines (U1-1 and U1-2); and 23 oligonucleotides with different 5 ss sequences, which include calibration controls and pairs of oligonucleotides to test three asymmetric loops, several bulge registers, and the formation of U-interactions (5 ss-1 to 5 ss-23). The four calibration oligonucleotides included the consensus 5 ss with 11 base pairs to U1 (5 ss-1), and 5 ss with 9 and 7 base pairs to U1 (5 ss-2 and 5 ss-3, respectively), as well as a very weak 5 ss that showed no specific binding (5 ss-20) . The test pairs included a 5 ss predicted to base-pair to U1 with noncanonical register (NC oligonucleotide), and a control with onenucleotide difference that abolishes the noncanonical register by disrupting a Watson-Crick base pair (C oligonucleotide right after NC).
We obtained thermal melting curves for each 5 ss and U1 oligonucleotide duplex, and derived experimental T m and G ( G exp , which can be G U or G ) ( Table 2 ). The reliability of our measurements was substantiated by the small standard deviation of the values for three thermal melting curves, and by the correlation between G exp and the predicted G by RNAstructure (R = 0.96 for the unmodified U1-1). A total of 5 out of 23 5 ss mixed with U1 oligonucleotides did not show a cooperative hyperchromic shift as a function of temperature, consistent with these pairs of RNAs not base-pairing under our conditions (Table 2 ; Supplementary Figure S11A and S11B). The T m measurements for duplexes with pseudouridylated U1 were on average 3.1
• C (±1.9) higher than those for the unmodified oligonucleotide (Table 2 ; Supplementary Figure S11A and S11B), which is almost identical to the 3.4
• C (±1.6) previously obtained by us with other oligonucleotides (16) , and close to the 2
• C measured by others (42 more favorable G exp (Table 2 ; Supplementary Figure S11A and S11B), and this difference ranged from 6.7
• C and −0.8 kcal/mol to 13.7
• C and −2.4 kcal/mol. In the other four cases, the NC oligonucleotide resulted in a measurable T m and G exp , whereas the C RNA did not show a cooperative transition, and hence no values were derived. In all eight comparisons, the NC oligonucleotide base-paired to U1 more strongly than the C oligonucleotide. These results are consistent with the formation of the three asymmetric loops (5 ss-8 to 5 ss-13), two bulge 2 (5 ss-14 to 5 ss-17) and one bulge 3 register (5 ss-18 and 5 ss-19), as well as the previously published shifted register (5 ss-4 and 5 ss-5, (10)), and the predicted bulge 1 (-1) (5 ss-6 and 5 ss-7) (see Discussion) .
The last four oligonucleotides tested the contribution of noncanonical U-interactions adjacent to a potential +5G−C4 base pair in 5 ss/U1 helices. The 5 ss-21 oligonucleotide is nearly identical to the CCDC132 5 ss (Figure 5D ), and has a +5G−C4 base pair stabilized by +4U− 5 with a canonical register, in addition to the predicted asymmetric-loop register, both with identical stability according to RNAstructure (Table 2) . Consistent with both registers, 5 ss-21 binds to U1-1 and U1-2 much more strongly than the 5 ss-20 control, which shows no cooperative transition. In addition, 5 ss-22 with the +4C mutation would not affect the asymmetric loop, but would replace the U-by a weaker C-base pair (39) . The lower T m for 5 ss-22 (compared to 5 ss-21) with both U1 oligonucleotides strongly suggests formation of the +5G−C4 base pair stabilized by +4U− 5 (Supplementary Figure S11C  and 11D ). In turn, 5 ss-23 has a C at +5 which breaks the strong +5G−C4 base pair and also the asymmetric loop, thus lowering the T m even more. The contribution of the pseudouridine modification to the noncanonical interaction is not clear, as the unmodified U1-1 oligonucleotide with 5 ss-21 also shows high T m , thus reflecting a U-U interaction (43) (44) (45) . Nevertheless, the comparison of 5 ss-21 versus the single point mutations at +4 or +5 is consistent with the noncanonical +4U− 5 stabilizing the adjacent +5G−C4 base pair, thus supporting the splicing data in this protein-free binding assay.
Revised list of 5 ss that potentially use noncanonical registers and U-interactions
This study generates a curated list of 5 ss that are predicted to use noncanonical base-pairing registers (Table 3 ). In previous work (10, 16) , out of a total of 201 541 bona-fide human 5 ss, we projected 10 248 (5.1% of the total) to use noncanonical registers with bulges or asymmetric loops. This list was based on the minimum free-energy of 5 ss/U1 basepairing in the noncanonical ( G1, in kilocalories per mole) over the corresponding free-energy in the canonical register ( G2), by using UNAFold hybrid (29) . For 5877 5 ss, the energetic difference between the noncanonical and canonical register was substantial ( G ≤ −1 kcal/mol, where G = G1 − G2) (16) . We experimentally demonstrated several registers with single-nucleotide bulges.
The updated list (Table 3) includes the asymmetric-loop registers that are now experimentally validated, with the bulges of 2 nucleotides on a 'provisional' status. Most importantly, this list is very different from the original, because many 5 ss were removed on the basis of our data. First, we excluded 4766 5 ss with a G at +5, as +5G would likely always form canonical base-pairing. Second, we eliminated the register with bulge at position −1, as candidate 5 ss did not pass the mutational analyses (see Discussion). Third, we removed the bulges and asymmetric loops longer than two nucleotides, as our experiments disproved formation of bulge 3 in SMN1/2. Consequently, the curated list of 5 ss that potentially use noncanonical registers retains 4270 5 ss, which comprise 2.1% of the total (Supplementary Data File 1). The list is reduced to 3176 (1.6%) by excluding the provisional bulge 2 (and asymmetric loop) categories. Of these, 3119 (1.5%) belong to registers with experimental validation, and of these 2019 (1%) confer a substantial energetic advantage ( G ≤ −1 kcal/mol). These numbers strongly argue that the revised list is much more reliable than the original.
For the U-noncanonical interaction, as many as 26 048 (12.9%) of human 5 ss have a U at +4, and 16 892 of these have a G at +5. Around half of such +4U+5G 5 ss (7807, 3.9% of all) do not have a U at +6 which would base pair to A3 in U1 snRNA, so that the U-would be crucial to stabilize the +5G−C4 base pair. We conclude that the +4U− 5 noncanonical interaction should be crucial to stabilize the adjacent +5G−C4 base pair in almost 4% of all 5 ss.
DISCUSSION
We present evidence for new noncanonical registers which complement yet largely modify the experimentally-verified list from our previous study (16) . The new registers consist of three asymmetric loops within 5 ss/U1 helices. In addition, this work demonstrates that 2-nucleotide bulges can occur in the context of 5 ss/U1 duplexes, yet these registers were only proven in artificial SMN1/2 substrates. Importantly, our study also proved that not all predicted registers can form, so we expunged from the list more than half of the originally predicted cases. The 5 ss that are predicted to use proven bulge or asymmetric loops (without bulges of 2 or longer) represent 3119 or 1.5% of 201 541 human 5 ss (Table 3). At this stage, there are only a few 5 ss with predicted registers awaiting verification (1151 or 0.6% of all 5 ss), so we now have a clearer picture of the global impact of these mechanisms. In any case, the estimated 1.5% of 5 ss to use validated noncanonical registers still exceeds the percentage of GC-AG 5 ss (0.9%), U12-type introns (0.36%) and U2-type AT-AC splice sites with totals barely in the double digits (1, 3, 46) . We conclude that noncanonical 5 ss/U1 base-pairing registers account for the recognition for a small but important fraction of all human 5 ss.
We discarded the register with a single-nucleotide bulge at position −1 because the candidate 5 ss did not pass the mutational analysis in UMV and SMN1/2 (16) . Nevertheless, our thermal melting experiment was consistent with formation of 5 ss/U1 helices with a bulge at −1 in this simplified system. Our data suggest that a factor in or outside the U1 snRNP prevents the bulge at −1, and potentially this could be U1C (40, 41, 47) .
We only proved the bulge 2 registers in heterologous but not in natural contexts and with the best possible 5 ss sequences, suggesting a 'weak' contribution of these registers to 5 ss/U1 base-pairing stability. Nevertheless, this demonstration leaves open the possibility that some 5 ss from humans or other species use this mechanism. Bulges of two or more nucleotides entail severe energetic penalties due to the loss of base-stacking (48) , and the increasing angle of the helix kink as a function of bulge length (49, 50) . In addition, we found evidence against the contribution to splicing by bulges of 3 nucleotides. However, our thermal melting experiments argued for the formation of bulge 3 register, indicating that the disagreement between the prediction and our splicing data in cells is not merely due to energetic overestimations, but perhaps to other factors involved in 5 ss selection.
The validated asymmetric loops involve 5 ss positions +3 through +5, and the two U1 pseudouridines, which also allow single-nucleotide bulges and are restricted to the innermost positions of the helix (16) . Mutations adjacent to the loop were often not rescued by suppressor U1s (such as +6C in Figure 3A) , likely because these mutations also disrupted a strong G-C base pair. As previously documented (10, 16) , suppressor U1s may fail to rescue 5 ss recognition because of the competing and very abundant endogenous U1. Expression differences between suppressors may account for different extents of splicing rescue, yet this is minimized by using the same set of suppressors (G1-G6) throughout this study. As particular suppressors showed strong rescue in some minigenes but less or no effects in others, suppression also depends on the exonic context of the 5 ss (for instance, G3 in Figure 2A and B lanes 8 versus 2C lane 9) . Besides, the new asymmetric loops are equivalent to one-nucleotide bulges followed or preceded by a mismatch. Many of the asymmetric-loop 5 ss have a U opposed to a in the loop, thus possibly forming a noncanonical U-interaction. In the context of the BPS/U2 snRNA helix, an A-base pair helps place the adjacent bulged adenosine in extrahelical conformation (51, 52) , but a U-base pair next to a bulge might have different effects. Finally, as for the 5 ss using the shifted register (10), the diversity of 5 ss/U1 registers might not necessarily be followed by a diversity of 5 ss/U6 helices, due to the much more limited base-pairing potential between 5 ss and U6 snRNA, and the role of U6 in splicing catalysis (18) .
The contribution of the noncanonical registers to splicing implies that certain 5 ss might be longer. For instance, for asymmetric loops or two-nucleotide bulges the 5 ss might use up to +9 or +10 (the ninth or tenth intronic nucleotide) as opposed to +8 for the canonical register. Most 5 ss scoring methods only consider 6 intronic nucleotides (53) (54) (55) and others 8 (9), thereby missing 5 ss position/s that might play a role in their recognition. Nevertheless, the 5 ss/U1 base-pairing by noncanonical registers might also be favored or competed by proteins and/or by internal premRNA structures (56) (57) (58) . Finally, this diversity of 5 ss/U1 registers also increases the number of potential pseudo 5 ss, which are sequences--typically intronic--that resemble 5 ss but that are not apparently functional in splicing (59) . Recently such sequences have been proposed to play a role in the excision of long introns by recursive splicing or related mechanisms (60) , repression of pseudoexons (61) and repression of intronic polyadenylation (62, 63) . Indeed, a recent high-throughput mapping of U1-binding sites in the transcriptome revealed that U1 binds along introns outside the classical 5 ss (64), so it is possible that many of these intronic binding sites base-pair to U1 via noncanonical registers.
We also establish the formation of the noncanonical Uinteraction between 5 ss position +4 and 5 in U1 snRNA, and for the first time its contribution to mammalian splicing. Even if the +4U nucleotide also base-pairs to A43 in within the invariant U6 ACAGAG box, our suppressor U1 experiments show that the contribution of +4U to splicing is at least in large part mediated by U1. A U-noncanonical base pair can occur in either of two different conformations, each contributing two hydrogen bonds (39) , in addition to base-stacking without hydrogen bonding. The +4U-5 interaction was already described in budding yeast (26) , in which the very highly conserved consensus 5 ss has a +4U instead of +4A in mammals (1) . We propose that the functional significance of this interaction might be different between yeast and mammals. +4U forms a weaker base pair with U1 nucleotide 5 than +4A, and in yeast 5 ss such interaction facilitates the U1-off rate from the 5 ss, and thus its replacement by U6 during spliceosome assembly (26) , which is rate limiting in this species (17) . We disfavor the U1/U6 replacement role of the noncanonical 4U-5 in mammalian 5 ss, because extended U1/5 ss helices are non-detrimental for mammalian splicing (15) . Instead, +4U interacting with 5 might facilitate the recognition of a highly divergent set of mammalian 5 ss sequences, by promoting the formation of a +5G-C4 base pair in the absence of flanking canonical base pairs (our study).
Pseudouridine is the most common modified nucleotide in RNA with usually higher base-pairing stability than uridine (28, 65) . Recent studies are establishing the thermodynamic contributions of pseudouridines to the structural stability of RNAs (39, 66) , but these values are not yet incorporated into thermodynamic tools like UNAFold or RNAstructure. The role of the two pseudouridines at positions 5 and 6 of the 5 end of U1 (67) is not clear, yet A-base pairs confer slightly higher stability than A-U (42), a trend that we also observed (Table 2) . Consistent with the splicing analyses, our thermal melting results provided evidence for the +4U− 5 interaction, even though it also formed in the absence of pseudouridines. Furthermore, our data supports a contribution of C-base pairs to splicing which is weaker than that of U-, like a prior thermodynamic study (39) . However, the C-interaction in CCDC132 appears to be more stable than the U-, so the relative energetic parameters of these base pairs might be context-dependent. By analogy to C-U mismatches, C-may be structurally compatible with the potential adjacent +3U−6 (43) (44) (45) 68) . Future work should elucidate the importance of noncanonical base pairs in 5 ss selection in mammals, and the role of the U1 pseudouridines in splicing.
